Both exponentially growing and serum-arrested subcloned CV-1 cell cultures were infected with simian virus 40 (SV40). By 24 h after infection 96% of the nuclei of these permissive cells contained SV40 T-antigen. Analysis of the average DNA content per cell at various times after infection indicated that by 24 h most of the cells contained amounts of DNA similar to those normally found in G2 cells. Analysis of cell cycle distributions indicated that a G2 DNA complement was maintained by over 90% of the cells in the infected populations 24 to 48 h postinfection. Cells continued to synthesize SV40 DNA during the first 50 h after infection, and cytopathic effect was first observed 60 h after inoculation. After infection the number of mitotic cells that could be recovered by selective detachment decreased precipitously and was drastically reduced by 24 h. A study of the kinetics of decline in the number of mitotic cells suggests that this decline is related to an event during the cell cycle at or near the G1-S-phase border upon which commencement of SV40 DNA replication apparently depends. It (32, 33, 38, 50) . This speculation is further encouraged by the recent findings that after SV40 infection of stationary, nonpermissive cultures, cellular DNA synthesis was induced and T-antigen was bound to mammalian chromosomes (8). The binding of T-antigen resulted in a banding pattern indistinguishable from that seen with Giemsa and quinacrine banding techniques (R.
Although much is known about the replication of simian virus 40 (SV40) (for review, see 24, 29) and the timing of events associated with viral transformation (for review, see 46) , relatively little is known about the response of the permissive host cell to viral infection (17, 31, 39) . It is well established that SV40 can induce quiescent cells to cycle and synthesize DNA and, in the case of permissive cells, synthesize viral DNA. Since T-antigen is required for the initiation of viral DNA synthesis (50) , it has been suggested that this regulatory protein(s) may serve to activate cellular units of DNA replication (32, 33, 38, 50) . This speculation is further encouraged by the recent findings that after SV40 infection of stationary, nonpermissive cultures, cellular DNA synthesis was induced and T-antigen was bound to mammalian chromosomes (8) . The binding of T-antigen resulted in a banding pattern indistinguishable from that seen with Giemsa and quinacrine banding techniques (R.
M. D'AIisa, B. R. Korf, and E. L. Gershey, Cytogenet. Cell Genet., in press). Chromosome bands have been identified as units of DNA replication (28, 48) . Therefore, the presence of an abundance of T-antigen might be expected to provide a mechanism for the continued reinitiation of host DNA synthesis. SV40 contains a small double-stranded DNA molecule with limited coding capacity, which in combination with cellular histones (26, 34, 40 ) is organized into a nucleosome substructure similar to that of host chromatin (5, 16, 19) . Virus replication depends fully upon the biosynthetic capacity of its host cell (29) . It is therefore likely that this "minichromosome" is guided by the regulatory mechanisms established by its host. It has been postulated that besides requiring the presence of T-antigen, the replication of SV40 DNA is dependent upon an event in the host cell cycle occurring in late GI or early S phase (39) .
This virus-host relationship has been studied using stationary and both random and synchronous cultures of permissive, logarithmically growing CV-1 cells, and the cell cycle kinetics of infected and uninfected cultures have been analyzed. It was found that SV40 T-antigen production is independent of the cell cycle, whereas the cell function upon which SV40 replication is reported to depend (31, 39) is probably located near the very beginning of S phase. Consequent to viral infection, host cells entering or induced to enter S phase complete a single round of DNA replication, after which they do not divide. Virus-producing cells appear to remain in a stage during which the cells remain viable but only synthesize relatively small amounts of DNA (principally viral) before the cell's ultimate demise late in infection.
MATERIALS AND METHODS
Cell and virus culture. Cells from an epithelioid subclone of the CV-1 cell line derived from African green monkey kidney were used for these studies. Methods for cell culture (R. M. D'Alisa and E. L. Gershey, submitted for publication) and for virus preparation (10) have been described in detail. In brief, before confluence, roller cultures were passaged weekly in Eagle minimal essential medium supplemented with 10% fetal bovine serum (Grand Island Biological Co). Mycoplasmas were not detected by fluorescence staining (2) or scanning electron microscopy (1) , and all experiments were performed with cells between passages 12 and 20.
Virus was propagated in subconfluent monolayers of CV-1 cells which were inoculated with 10-6 PFU of plaque-purified SV40 (VA 45 54) per cell. Virus was allowed to adsorb for 2 h at 37°C in a minimal volume of serum-free medium, after which the inoculum was removed and the cells were refed with fresh growth medium. Cells and medium were harvested 17 days after infection. Virus stocks were stored at -70°C after three cycles of freezing and thawing and removal of cell debris by low-speed centrifugation. Virus stocks prepared in this way usually had titers of 109 PFU and T-antigen-forming units per ml (7) . For the experiments described, CV-1 roller cultures in which at least 95% of the cells were cycling regularly were either mock infected or infected with virus at a multiplicity of 10 PFU/cell for 1.5 h. Cell viability was measured by dye exclusion after 5 min of exposure to 0.05% trypan blue or erythrosin B in phosphate-buffered saline.
Cell synchrony. Synchronous populations of CV-1 cells were obtained by the selective detachment of mitotic cells (51) from roller cultures by high-speed rotation (25) . This system has been thoroughly described and the degree of synchrony has been evaluated (D'Alisa and Gershey, submitted for publication). By the selection of mitotic cells on an hourly schedule, synchronous cultures distributed at hourly intervals throughout the cell cycle were obtained. Selections consisted of at least 95% mitotic cells, and the degree of synchrony maintained throughout the subsequent cell cycle was high. By monitoring the time required for attachment, S-phase entry, and cell division after a cycle traverse, it was found that "synchronous" Immunofluorescence detection of virus-coded proteins. Two types of protocols were used for the detection of SV40 T-antigen. In the first, populations of cells in GI, early, middle, and late S, G2, and M phases of randomly growing cells were removed from substrates by incubation in a film of trypsin solution.
The cells were resuspended at a concentration of 5 x 105 cells per ml in Eagle minimal essential medium supplemented with 2% fetal bovine serum containing serial threefold dilutions of SV40, starting with 20 PFU/cell. Cells were seeded into microtiter plates (Falcon 3034) in replicates of six wells per dilution, and plates were fixed in ethanol at -70°C 12, 18, 24, and 36 h after continued incubation at 37°C (7) . Cells were stained for T-antigen with hamster anti-T serum (Flow Laboratories; after the anti-T ascitic fluid had been adsorbed onto noninfected, confluent CV-1 cell monolayers) and fluorescein isothiocyanate-conjugated goat anti-hamster IgG antibody (Antibodies Inc., Davis, Calif.) essentially as described by Robb (44) .
In the second protocol, mitotic cells were allowed to attach to round cover slips (12-mm diameter, no. 1 SGA) which had been sterilely inserted into the 75-cm2 culture flasks used for the sequential collection of mitotic cells from infected or uninfected roller cultures. When cells were harvested shortly after infection, the cover slips were transferred to multiwell dishes (Falcon 3008) along with 1.5 ml of conditioned medium, and incubation was continued at 37°C for the prescribed length of time, usually 48 h postinfection. At this time cells on the cover slips were fixed as described above for microtiter dishes. After fixation, cells were stained as described above except that 100-pl aliquots of the immunological reagents were used.
V-antigen was assayed by the first protocol except that in place of anti-T serum, bovine anti-V serum (Flow Laboratories) diluted 1:20 with phosphatebuffered saline was used and fluorescein isothiocyanate-conjugated rabbit anti-bovine IgG antibody (Miles) was substituted for goat anti-hamster. Assays for V-antigen were performed on cells which had been fixed 48 h after infection. The production of infectious viral progeny was verified by quantitation of the increase in the number of T-or V-fluorescent cells after the first cycle of viral infection (analyses were performed 96 and 120 h after infection).
Thymidine incorporation. Cultures containing 12-mm-diameter cover slips were labeled with tritiated thymidine, 55 Ci/mmol (New England Nuclear), for 4 h at a concentration of 5 ,uCi/ml 20, 32, and 44 h after either viral or mock infection. Cover slips in triplicate were fixed in 3:1 methanol-acetic acid, washed in cold 5% perchloric acid followed by ether, and then air dried. Before being dipped in emulsion, cover slips were mounted on microscope slides with Permount (Fisher). Slides were exposed for 5 days at -70°C using a fluorographic technique (11 (Fig.  1) . Fifty hours after SV40 infection, FMF analysis indicated that over 90% of the cells had been induced to cycle and had completed one round of DNA synthesis. This is illustrated (Fig. 1) (Fig. 2) . Analysis of stationary or growing cultures 2 days after SV40 infection at a lower gain setting, which would facilitate the visualization of the presence of cells having a DNA content greater than that observed for a G2 population, did not reveal the presence of such a subpopulation (Fig. 3) cycle progression on the order of 2 to 5 h after trypsin treatment, which is in part due to the time required for cell reattachment (Gershey and D'Alisa, submitted for publication) but may also be due to the trypsin treatment itself (30 chronously, cells became infected at each of the cycle phases. In nonpermissive cells the early events associated with virus transport and uncoating do not alter cell cycle progression (unpublished observation). Assuming that this is the case for permissive cells, then the time required for cells in such cultures to reach mitosis is equivalent to the cycle interval between mitosis and a cell's location in the cycle at the time of infection. Thus, mitotic cells selected during h 2 and 3 were in G2 when infected, those selected during h 4 through 12 were in S phase, and those selected in h 14 to 19 were in GI (Fig.   4 ). Apparently most of the cells exposed to virus during the first 6 h of the cycle, the G1 phase, do not enter M, whereas those exposed to virus after h 7 do. Thus, it appears that an event between h 6 and 7 of the cell cycle determined the subsequent ability of these CV-1 cells to continue to cycle. When T-antigen was assayed 48 h after infection in all of the collected synchronous populations, only the cells collected during the first 13 h had produced detectable Tantigen. Cells collected after 13 h following exposure to SV40 were not producing T-antigen and therefore were assumed to be uninfected and consequently not producing virus. At least 96% of the cells in infected roller cultures were found (after transfer to and continuous culture in microtiter plates) to be producing T-and Vantigen as well as infectious progeny virus. It appears then that virus production is dependent upon a host cell function expressed at h 6 of the cycle, a time when these cells first incorporate tritiated thymidine (D'Alisa and Gershey, submitted for publication), and cells that are producing SV40 do not continue to divide.
DISCUSSION
FMF was used to analyze the cell cycle distribution of cells from a well-characterized subclone of the CV-1 cell line and to study the interplay between SV40 and host cell after the infection of stationary or logarithmically growing cultures. This approach is free of the complexities involved in using [3H]thymidine labeling and subsequent fractionation procedures for resolving the induction of viral and host DNA synthesis. In addition, the automated selective detachment of mitotic cells has been used to obtain highly synchronous populations of cells. The decline in the number of dividing cells after virus infection of randomly growing cultures has been charted, and the production of SV40 Tantigen at various times after the infection of cells in different cycle stages has been measured. That infected cells not only remain viable regardless of the input multiplicity or accumulation of virus (37) but are also in a phase in which their capacity to synthesize DNA is retained is also consistent with the findings of several workers who have measured the biosynthetic capacity of infected cells. The continued synthesis of viral DNA has also been reported by others (17, 31, 39, 43) . Preparation of nuclei (41) or cellular fractions (9, 12, 49) 33 to 48 h after infection which are active in in vitro DNA synthesis testifies to the continued presence of the machinery for DNA synthesis. Synthesis of polyoma viral DNA has also been observed under analogous conditions with the participation of the same polymerases (35) and ligases (47) responsible for cellular DNA synthesis. Throughout this period protein synthesis continues, although the pattern changes somewhat 32 h after infection (13) , and there are changes in membrane permeability as well (36, 37) , although ATP levels remain high. Nuclear protein synthesis, induced soon after infection (45), continues during this time (21) and includes histones (55) which complex with newly synthesized (4, 23) SV40 DNA (5, 34) . The newly replicated viral DNA is not only functional but is used preferentially as a template for transcription and replication (18) . Other cell processes also appear to be unaffected, such as the synthesis and distribution of cytoskeletal proteins (15) .
In conclusion, these findings are consistent with the view that the production of T-antigen, although independent of the host cell cycle phase, is ultimately regulated by the host's capacity for protein biosynthesis and the number of viral templates available. It is possible that at low concentrations of T-antigen, such as those usually found in nonpermissive hosts, cells are induced to enter S phase, but viral DNA synthesis is not initiated. If T-antigen is present in sufficient quantity when infected cells traverse a point in the cycle at or near the very beginning of S phase, at which time a specific host cell function is expressed, viral DNA is synthesized. The continued presence of a sufficient amount of T-antigen could maintain the cellular machinery required for DNA synthesis and also serve to initiate each round of viral DNA synthesis without requiring additional host G1-S phase traverses. In the absence of T-antigen only one round of viral DNA synthesis takes place, and that is in unison with the replication of its host genome (27 
